Molecular hydrogen insertion in and release from four molecular containers, spherophanes, have been studied with different computational methods. It has been found that dispersion interactions are very important in these systems; they govern their stability and the potential energy barriers. The calculated energy barriers are very high so that H 2 could not enter to/release from the cavity of the spherophanes through the benzene rings. The hydrogen molecule would rather prefer to follow the 4H-approach. The M05-2X/6-31G(d) results show that the encapsulation of H 2 inside these spherophanes is stabilizing. The energy barriers for H 2 to enter to (to release from) the spherophanes' cages are compared with those of open fullerenes.
Introduction
The design and synthesis of new efficient hydrogen storage materials is a very active field. Many experimentalists and theorists are implicated. From the past two decades, the researchers in this domain are interested in the nanostructure compounds: nanotubes, zeolites, fullerenes, supramolecular cages, clathrates, graphite, graphite intercalated fullerenes, polymeric matrixes. . . have been largely investigated [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The works of Cram [13] have opened a new domain of organic chemistry: the chemistry of host-guest systems [14] . The guest molecule is imprisoned inside the host's cavity either reversibly, in hemicarcerand complexes, or permanently, in the case of carceplexes. Many investigations have been devoted to the study, the design, and the synthesis of new molecular containers. Thus, different guest molecules have been trapped in a large variety, in size and shape, of host cages [15] [16] [17] [18] [19] . Molecular container compounds have been used for different purposes such as: to inhibit very reactive species, to isolate molecules from their surrounding, as a chamber for micro-reactions, to store atoms, ions, or small molecules such as H 2 and CH 4 .
The spherophanes 1-4, Scheme 1, are being synthesized by one of us. Their electronic and geometrical structures, their thermochemistry as well as some of their spectroscopic data have been investigated at different model of computational chemistry [20] . In this work, we studied a molecular hydrogen encapsulation in these molecular cages. These spherophanes possess cavities with different sizes where H 2 is supposed to be inserted in. The intermolecular interaction potential between the system's two molecules, H 2 and spherophane, has been evaluated at the semi-empirical levels AM1 [21] and PM3 [22] , at Hartree-Fock [23] [24] [25] , and using the hybrid density functionals B3LYP [26, 27] and M05-2X [28] .
The two interacting molecules in the considered systems (H 2 , Spher) are neither polar nor charged thus at long distances the only interaction energy responsible of the attraction is the dispersion correlation energy. The usual computational methods such as B3LYP, HF which have been successfully used for the prediction of molecular geometrical structures and thermochemistry are no longer valid for the description of van der Waals weakly bonded systems, neither do the semi-empirical ones AM1 and PM3. PostHartree-Fock methods, CCSD(T) and MP2, take into account the correlation interactions and illustrate correctly vdW interactions however their use is time consuming. Particularly, the CCSD(T) method is only used for very simple small systems.
Very recently, the development of new methods to describe the dispersion energy has become a very active field. More precisely, we site the works of Grimme [29] [30] [31] and of Truhlar et al. [28, [32] [33] [34] [35] . In this present study, we have adopted two approaches to evaluate the dispersion correction: the empirical approach of Grimme [29, 30] and the hybrid functional M05-2X developed by the Truhlar's group [28] . We have done rigid scan of the displacement of H 2 relatively to the spherophane molecule. The intermolecular distance d between the mass centers of these two molecules has been varied from 0, H 2 is inside the spherophane, to 10 Å where the two molecules are far enough one of the other so that the van der Waals interaction energy would be equal to zero.
In the next section we give the methodological and computational aspects. The results and their discussion are given in the third section and the fourth section is for remarks, conclusions and outlooks.
Methodology and computational aspects
All the computational works have been made using the G03 package [36] . The geometrical structures of the spherophanes have been optimized at B3LYP/6-31G(d) level followed by frequency calculations in an earlier paper [20] . In this study, we investigated the variation of the intermolecular interaction energy when a hydrogen molecule is inserted into or released from a spherophane host. We have made two sorts of calculations: (1) rigid scans for intermolecular distances varying from 0 to 10 Å at different levels: semi-empirical PM3 and AM1, ab initio HF, and at the hybrid density functionals B3LYP and M05-2X using the 3-21G basis set and (2) complete optimizations of the systems (H 2 , Spher) at M05-2X/6-31G(d) at five different intermolecular distances. In all what follows the abbreviation Spher refers to Spher1, Meth2, Oxa3, or Thia4.
The two involved molecules are neither charged nor polar, thus the interaction energy is essentially governed by the dispersion forces. For the M05-2X method, the weak van der Waals interactions are taken into account in the method itself [28] . However, for the other used methods, i.e. PM3, AM1, HF, and B3LYP, the dispersion correction energy has been evaluated using the empirical formula developed by Grimme [29, 30] . In this approach the total energy is expressed as
where E SCF is the usual SCF energy computed in our case at HF, B3LYP or with the semi-empirical methods AM1 and PM3, and E Disp is the empirical dispersion term given by
where the summation is made over all the atom pairs of the system, s 6 is a global scaling factor that depends only on the used method, R ij is the interatomic distance between the atoms i and j, C ij 6 is the interatomic dispersion coefficients f dmp is a damping function which is used in order to avoid near-singularities for small distances R ij . In this present study we have followed the parameterization used by Morgado et al. in Ref. [31] .
Results and discussion
In our previous paper [20] , we have studied, at B3LYP/6-31G and 6-31G(d), the geometrical and electronic structures of the spherophanes as well as their thermochemistry. These molecules have been found to adopt the octahedral symmetry. In this present paper, we propose to investigate the capability of these containerlike molecules to encapsulate molecular hydrogen inside their cavities. We will try to respond to the questions: Are the dispersion interactions of importance in these systems? Is the imprisonment of H 2 in these spherophanes stabilizing or destabilizing? Does the encapsulated hydrogen molecule rest at the center of the cage or not? How high are the energy barriers of H 2 releasing or insertion? Which spherophane is best convenient for the encapsulation?
Dispersion correction contribution
Before studying and comparing the results of the insertion and release of a hydrogen molecule inside the considered spherophanes and the different ways that H 2 can follow to enter into (or to exit from) the cages, we believe that it is important to analyze the dispersion effects and its contribution to the interaction energy between the two molecules of the system (H 2 , Spher), where Spher is Spher1, Meth2, Oxa3, or Thia4.
Since Spher1 has a relatively small inner cavity [20] , we have proposed to study the case of the system (H 2 , Meth2) in 4H-approach, Scheme 2. The variation of the total interaction energy, E Tot (Eq. (1)), between the hydrogen molecule and methanospherophane2 in function of the intermolecular distance d is given in Fig. 1 , where d has been varied between 0, H 2 is at the center of Meth2, and 10 Å. At d = 10 Å, the dispersion interaction between the two molecules is zero. In this Figure, the SCF energy, E SCF (Eq. (1)), is also plotted. From the plots in Fig. 1 , one can evaluate the dispersion energy contribution to the total interaction energy. At the distance d = 0, all the energies E SCF are almost close to zero however E Tot (d = 0) is equal to À1.56(PM3), À1.34(AM1), À2.03(HF), À1.88(B3LYP), and À0.95 kcal/mol (M05-2X). Thus, the system stabilization at d = 0 is due to the dispersion interaction. Another important point is that, in the contrary of the plots of E SCF = f(d), the E Tot = f(d) curves show a minimal on both sides of the energy barrier. A fact which is intuitive since the two molecules H 2 and Meth2 are neither charged nor polar so when they approach each other the dispersion correction prevails for certain distances before being dominated by the repulsive interaction at short distances. The energy barriers' highs are also affected by the London interaction.
H 2 insertion and release
In the above subsection, we have highlighted the importance of the dispersion correction to the interaction energy in the considered systems. Therefore, in all the results given bellow we have taken into account the dispersion energy. We have considered two types of approaches: the 4H-approach where the hydrogen moleScheme 2. The two approaches.
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In Fig. 2 , the variation of the total interaction energy is plotted in function of the intermolecular distance d in the 4H-approach. All the methods show that when the hydrogen molecule is close to the center of the spherophane, the interaction energy of the system (H 2 , Spher) is negative. This means that, with all the methods and for all the systems under consideration, the encapsulation of H 2 inside the spherophane stabilizes the system (H 2 , Spher). However, it has been found that the insertion of H 2 into, for example open C 70 causes destabilization of +4.0 kcal/mol [5] .
For all the systems and with all the methods an energy barrier exists at the entrance of the spherophane and from both sides of this barrier a minimum in the curve has been depicted which are essentially due to the dispersion interaction. The obtained results show that the minimum inside the cavity decreases as well as the dispersion interaction increases. In the case of the smallest spherophane, Spher1, the interactions between H 2 and the inner phase of its cavity are more cooperative than they are in the case of Thia4.
Globally, all the used computational models lead to the same profile of the interaction energy variation in function of d, Scheme 3. The graphs in Fig. 2 illustrate that the semi-empirical methods are not exactly in phase with the other used methods. At HF, B3LYP, and M05-2X, the minima inside the spherophanes are lower than those outside, E 2 < E 4 . Therefore, the energy barrier E 23 = E 3 À E 2 , corresponding to the molecular hydrogen release from the spherophane, is greater than E 43 = E 3 À E 4 , which corresponds to the insertion of H 2 , as shown in Fig. 3a. In Fig. 3a , one can remark that both E 23 and E 43 decrease in the order Spher1 > Oxa3 > Meth2 > Thia4. A result which was rather predictable since the diameter at the entrance of these spherophanes increases in the opposite order. This diameter is 2.596 Å (Spher1), 3.659 Å 
6C-approach
The variation of the total interaction energies of the systems (H 2 , Spher) have been studied in function of the intermolecular distance d when a hydrogen molecule enters in the spherophane following the 6C-appoach, Scheme 2. It has been found that this variation shows the same profile as in Scheme 3 but with very high potential barriers. In our recently published paper [20] , we have found that the geometrical structure of the C 6 cycles in the spherophanes depends on the nature of the linker between the phenyl rings. The benzene rings are not planar but exhibit small distortions. This explains the difference found between the activation energies obtained for the different spherophanes although in each case the hydrogen molecule gets through a benzene ring. The energetic barriers of H 2 to enter to the cage, E 23 , and to escape from the cage, E 43 , through a C 6 cycle are almost the equal in all the considered systems; E 23 % E 43 , Fig. 3b .
The energetic barriers are found when the hydrogen molecule is exactly at the middle of the C 6 cycle. We got the same value of d 3 with all the computational used models. This distance is equal to 3.29 Å, 4.19 Å, 3.92 Å, and 4.40 Å in the case of, respectively, Spher1, Meth2, Oxa3, and Thia4. The difference d 4 À d 3 is the equilibrium distance of a hydrogen molecule normally approaching a C 6 ring and E 4 is the corresponding equilibrium interaction energy. At the M05-2X/3-21G level, the couple (d 4 À d 3 , E 4 ) is equal to (3.1, À1.4) in the case of Spher1, (2.9, À1.7) in Meth2, (3.1, À1.2) in Oxa3, and is (2.9, À1.4) in the case of Thia4, d is in Å and E is in kcal/mol. Zhechrov et al. [37] have reported, at high ab initio levels of calculation, an equilibrium distance of a perpendicular approach of H 2 to a free C 6 H 6 between 3.1 and 3.3 Å and an interaction energy between À4.7 and À4.1 kcal/mol. We expected that this difference particularly in the value of the energy with our results could be due to the structures of the C 6 rings in these spherophanes which are not exactly planar [20] and to the small basis set 3-21G used in these calculations. Hence, we have made rigid scans along the 6C-approach at M05-2X with a larger basis set, 6-31G(d), in the two cases Thia4 and Oxa3. The obtained distances, d 4 À d 3 , are 3.2 Å in the case of Oxa3 and 3.1 Å in Thia4, however, the interaction energies diminish to À0.9 kcal/mol in Oxa3 and À0.9 kcal/mol in Thia4. This great incoherence between our results and those of Zhechrov et al. [37] has encouraged us to do complete optimizations of the systems (H 2 , Oxa3,
The results are this time good; the equilibrium distances (in Å) are 3.0(Oxa3) and 2.9(Thia4) and the interaction energies (in kcal/mol) are À3.1(Oxa3) and À4.3(Thia4).
4H-approach barrier energies
The above displayed results suggest that a hydrogen molecule would prefer to follow the 4H-approach to enter into or to exit from the cavity of the spherophane. In order to evaluate more precisely the potential energy barriers that a hydrogen molecule has Scheme 3. Profile of the potential energy surface. Fig. 3 . Calculated activation energies E 23 = E 3 À E 2 and E 43 = E 3 À E 4 for the different spherophanes in kcal/mol, (a) in the 4H-approach and (b) in the 6C-approach, Scheme 2.
http://doc.rero.ch to surpass to get into (or to release from) the cage, complete optimizations of the geometrical structures of the systems (H 2 , Spher1), (H 2 , Meth2), (H 2 , Oxa3), and (H 2 , Thia4) have been made at M05-2X/6-31G(d). We have considered the five important cases for each system corresponding to the distances d 1 , d 2 , d 3 , d 4 , and d 5 , cf. Scheme 3. The obtained results are plotted in Fig. 4 . Fig. 4 shows that the minima inside the cavities of the small spherophanes Spher1 and Oxa3 have been found to be very close to their centers. The distance d 2 is equal to 1.37 and 1.44 Å in the case of Meth2 and Thia4, respectively. The obtained results show that he insertion of an H 2 molecule inside the spherophanes stabilizes the systems (H 2 , Spher1), (H 2 , Meth2), (H 2 , Oxa3), and (H 2 , Thia4) by À5.43, À1.98, À3.23, and À1.91 kcal/mol, respectively.
The calculated activation energy barriers for a hydrogen molecule release and insertion in the spherophanes are given in Table   1 . We have also given in this [12] , and 5 open C 60 [10] .
http://doc.rero.ch at M05-2X/6-31G(d) level. This has been followed by a frequency calculation at M05-2X/6-31G(d). All the optimized structures show one imaginary frequency which means that we are at the searched transition structure. The distances of the hydrogen molecule with the nearest atoms at the entrance of the spherophanes are given in Fig. 6 .
Conclusion
We have studied in this work a hydrogen molecule insertion into and release from the spherophanes. The energetic barriers have been determined and compared to those of open C 60 and open C 70 cages.
It has been found that the dispersion interactions play an important role in these systems; they govern their stability and the potential energy barriers. The results obtained at the meta-GGA hybrid density functional M05-2X/6-31G(d) show that: unlike open C 70 [5] or some other studied molecular cages such as B 36 N 36 [3] , the insertion of a hydrogen molecule inside these spherophanes is stabilizing. When H 2 is at the center of the spherophane, due to cooperative contributions, the system (H 2 , Spher1) have been found to be more stable than the systems (H 2 , Meth2), (H 2 , Oxa3), and (H 2 , Thia4). It has also been found that the activation energy barriers to get into (to release from) the spherophanes' cavities decrease in the order Spher1, Oxa3, Meth2, and Thia4. The insertion (release) of a hydrogen molecule into (from) the spherophanes Meth2, Oxa3, and Thia4 are less energy demanding than they are in the case of open C 60 [4, [10] [11] [12] and open C 70 [5] . Finally, it could be predicted from this study that Meth2 and Thia4 could be good candidates for H 2 storage applications. The capacity of these spherophanes to store molecular and/or atomic hydrogen is under study.
